Electrical conductivity relaxation experiments were performed on thin specimens of Lai_rSrFe0a_, (x =0.1, 0.4) at oxygen partial pressures Po, = 10 -1 bar in the temperature range 923 to 1223 K. The transient response of the electrical conductivity after a sudden change of the ambient oxygen partial pressure was analyzed in the frequency domain. The latter procedure allowed diffusion-limited and surface exchange-limited kinetics of re-equilibration to be distinguished. The response of specimens with thiçknesses of 350 to 460 p.m indicated diffusion-controlled kinetics at Po,> 0.03 bar. The chemical diffusion coefficients, D, were found invariant with oxygen pressure. At 1073 K the absolute values were D = 6.5 x 10-6 cm2 -i for x = 0.1 and D = 1.1 X 10 cm2 s1 for x = 0.4, with activation energies of about 80 kJ/mol. The equilibration process was governed by surface exchange at Po, < 0.01 bar. The surface exchange coefficient, k0, was proportional to pa,, where n = 0.65 to 0.85. This pressure dependency was interpreted in terms of a slow surface process involving an oxygen molecule and a surface oxygen vacancy, and causes the observed sharp transition from diffusion-to exchange-controlled kinetics. The activation energy of k0 was estimated at 110 to 135 kJ/mol. Introduction Perovskite-type solid oxide solutions Lai_rSrFeO3_& are candidate materials for use as high temperature electrodes and oxygen separation membranes. In two recent papers,"2 the oxygen permeation properties of dense La1_,,SrFeO3_6
Introduction Perovskite-type solid oxide solutions Lai_rSrFeO3_& are candidate materials for use as high temperature electrodes and oxygen separation membranes. In two recent papers,"2 the oxygen permeation properties of dense La1_,,SrFeO3_6 membranes were investigated under variation of oxygen partial pressure gradients. It was demonstrated that the surface exchange kinetics of oxygen play a rate-determining role under steady-state conditions in both air/He and air/CO, CO2 gradients, in particular at the oxygen lean side of the membrane. By exposing this side to a CO-containing atmosphere at high temperature, the surface exchange rate was significantly enhanced. Although the overall permeation rate remained exchange-limited in air/CO, CO2 gradients, diffusion became rate-determining in 02-containing atmospheres after exposure to CO. A mechanism in which oxygen vacancies play a definite role was proposed for the exchange process in the presence of CO.2 Electrical conductivity relaxation experiments on cylindrical samples of La,CarCrO3_8 (x = 0.1 to 0.3) in CO, CO2 atmospheres by Yasuda and Hikita2 also indicated the involvement of oxygen vacancies in the exchange process.
The same technique is applied to La,_Sr,,FeO6 in the present paper. In relaxation experiments, the time-dependent response of a physical property of the solid oxide is monitored, e.g., mass or electrical conductivity, after imposing a stepwise change of the chemical potential of molecular oxygen in the ambient. Although the most direct way to obtain information about oxygen diffusion and surface exchange is to measure its mass change, the measurement of electrical conductivity has the advantage of being more sensitive to variations in oxygen pressure. This requires that the concentrations of ionic and electronic defects are correlated, e.g., via the charge neutrality requirement. According to thermogravimetric analyses by Mizusaki et al.,4 the defect chemistry of La1_SrFeO3 can be modeled quantitatively in terms of two-point defect equilibria in a wide range of temperatures, oxygen partial pressures and strontium, doping levels. In Kroger-Vink notation5 these defect reactions read 02 + V + 2Fee O + 2Fe [1] 2Fe, Fe + Fe,, [2] Many studies employing the electrical conductivity relaxation technique have been reported covering a wide range of oxides, e.g., Ref. 6 to 12. Whether the overall kinetics of re-equilibration after a step change is governed by surface exchange or diffusion depends on the geometry of the specimen under investigation. For any given geometry, a typical length Ld, indicating the average distance across which transport of matter has to take place in order to equilibrate the entire specimen, can be identified. Diffusion-limited re-equilibration occurs when Ld >> 1/h, with h defined by h=-- [3] D0 D0 and k0 and are the oxygen self-diffusion coefficient (cm2/s) and surface exchange coefficient (cm/s), respectively. Surface-controlled kinetics are encountered when c(z,s) = Ae + Be [9] where k =
The Laplace transforms of the boundary conditions 6 In the time domain, the total mass change of the specimen is LLc -1/2L = 1 tanh [14] kD (1 \ [skL) [2 )
1 + -tanh I -kL [ 
4] Kex
Relationship between electrical conductivity and mass change.-The mass change of a La1SrFeO3 specimen can be related to its electrical conductivity change via the charge neutrality requirement [e'J + [SrLJ = [h] + 2[Vfl [15] where Since [Sr,'.j = x is constant, any local change of the oxygen vacancy concentration is then linearly related to the accompanying electron hole concentration change [6] [
The local electron hole conductivity crh(Z, t)(C1' m) is defined by o,(z, t) = qh#4h(z, t)], with q,, the hole charge (C) and p. the hole mobility (cm2 V' s'). The apparent conductivity aapp(t) on a macroscopic scale is measured perpendicularly to the direction in which the net oxygen transport occurs. It can be shown3 that the following proportionality holds In studies reported to date, the geometry of the specimen is usually chosen such as to ensure an overall rate limitation by diffusion. Moreover, it is generally assumed that the oxide interface equilibrates immediately with the newly imposed atmosphere, i.e., k0 = oo• Several authors'4'7 have pointed out that large systematic errors may have been caused in some of these studies by neglecting the surface exchange process.
The chemical diffusion coefficient D is usually determined by fitting the time-dependent theoretical curve to the experimental data. The disadvantage of this approach is that bulk diffusion and (linear) surface kinetics cannot be distinguished easily, which may lead to misinterpretation of the nature of the re-equilibration process. In the frequency domain the two processes have quite different characteristics, and the analysis is not complicated if both are rate-limiting to more or less similar extents.
The aim of this study is to determine the relevant transport parameters of the perovskite-type oxide c(z, t) = a2c(z, t) at az2 [5] where is the chemical diffusion coefficient (cm2 1) Assuming linear interface kinetics, the boundary conditions are
Kex (cm s') is the apparent surface exchange coefficient, and Lc c4 -c1. 
Combination of Eq. 16, 17, and 18 and Laplace transformation leads to
Diffusion coefficients and surface exchange coeffi- K,,, is defined in a purely empirical manner by Eq. 6 and 7. Its value cannot be related a priori to the thermodynamics of the system under investigation. The oxygen flux expressed in terms of a small chemical potential difference = -.j--Aii.
[22]
Here k0 is the surface exchange coefficient as determined from measurements performed in thermodynamic equilibrium, e.g., 180/160 isotopic exchange. Combination of Eq. 7 and 22 leads to
The defect concentrations in LSF can be calculated from thermogravimetric measurements4 as discussed in detail elsewhere.' The thermodynamic factors, y, of La1_1SrFeO,_, a at a few selected temperatures calculated from these results are illustrated in Fig. 1 .
Experimental
The experimental setup is shown in Fig. 2 . Oxygen (02 5.0) diluted in nitrogen (N, 5.0) was used for re-equilibration of the sample in gas atmospheres with oxygen pressures of 0.01 to 1.0 bar. Remaining traces of water were [18] stripped from the incoming gas streams to concentrations <0.5 ppm using molsieve 4A-based moisture filters. Two separate gas streams with flows of 100 ml/min STP (standard temperature, pressure) were imposed by Brooks 5850E mass flow controllers. Homemade yttria stabilized zirconia-based oxygen pumps were used for pumping small 1191 amounts of oxygen into either one of the nitrogen streams, yielding concentrations in the range 3 to 2800 ppm 02. One of the gas flows was fed to a quartz sample tube which was placed inside a furnace, while the other flow was vented. With a fast electrical four-way valve, the flows leading to the sample furnace and the vent could be interchanged, thus making a stepwise change of the gas atmosphere in the sample tube. The oxygen concentrations in both gas streams were measured by an oxygen sensor (Systech [20] ZR893/4). In Fig. 3 the response of the oxygen sensor to a step change of 60 to 25 ppm 02 is shown. Oxygen pressure steps were performed in oxidizing or reducing direction in which the Po2 was varied with a factor of 5 (at high Po,) or smaller; typically below 3.3. To avoid mass-transfer limita-1211 tions, oxidation runs were performed only at a final oxygen concentration of 900 ppm or more.
The method of preparation of the samples is described extensively elsewhere.' The dimensions of the rectangular samples were 27 x 14 x 0.36 to 0.46 mm, with densities 93.5 to 94.5% for La665r04FeO,_, and 97.5 to 98.0% for La, 95r0,FeO,_, relative to theoretical. The specimen surfaces were polished with 1000 MESH SiC and ultrasonically cleaned in alcohol prior to use. Electrical contacts were made by winding gold wire (0.1 mm diam) around the outer ends of the samples. Gold paste (Blythe Colours B.V., The Netherlands) was used to improve the contacts between wires and specimen. Gold 20 by fitting Z(jw) to a serial electrical circuit consisting of a resistance, R (representing the surface reaction), and/or a cotangent-hyperbolic function, T (representing a finite length diffusion element).
Results and Discussion
Impedance representations of some experimental data Z(Uw) = -1/w 2 a(jo) are shown in Fig. 4 . It was observed that the times necessary to re-equilibrate the samples were more or less the same in the oxygen partial pressure range 0.03 to 1 bar 02. Results from an oxygen partial pressure step from 0.03 to 0.0997 bar on La 0 Sr 0 ,FeO3 at 998 K are given in Fig. 4a .
Since the entire impedance spectrum is determined rom 30 40 50 a single relaxation curve, the scatter in the high-frequency data is inherent to the method of measurement. More detailed analysis of this region is possible only upon direct wise change of the oxyapplication of complex impedance spectroscopy, i.e., by irtment.
determining the response at each frequency individually. It is feasible to attribute the high-frequency behavior to the effect of diffusion. The finite diffusion element T(j) in ather inactive in the Eq. 24 gives a fair description of the experimental response curve. The absence of a real axis offset in the high-freLred in a Wheatstone quency limit of the data indicates the absence of the in-;ed to impose an ac fluence of a surface reaction (represented by the element R). utgoing signal was
Purely bulk-controlled kinetics are therefore assumed in the a lock-in amplifier best fit of Eq. 24 to the data, indicated by the drawn line in 129A), and logged Fig. 4a . The re-equilibration kinetics above 10 2 bar 0,2 were Hz. To determine Ke, found to be fully determined by diffusion in general. At oxygen partial pressures below about 10 -2 bar, the reequilibration times increased strongly with decreasing oxygen partial pressure. This cannot be attributed to mass-transfer limitations in the gas phase due to the thermally activated nature of the re-equilibration process under these conditions. An impedance representation of kL = R + T(s) [24] data obtained in the low oxygen pressure range is shown L~) = R+s [4] in Fig. 4b . In comparison with the data in part of Z(jo) has a much larger value. The deviation from a straight line at high frequency cannot be explained in terms of finite diffusion behavior, since the absolute value of the deviation is too large. The data are therefore interpreted in terms of a surface resistance, R, only, as assumed in the best fit to the low-frequency data, indicated by the line in Fig. 4b . The deviation from linearity at high frequency can be understood by considering that the re-equilibration times, attributed to R in our interpretation, increased strongly with decreasing oxygen pressure. This will result in considerable changes of R in the course of a re-equilibration run, in particular in the initial stages.
The example illustrated in Fig. 4b was typical for oxygen pressure steps in reducing direction. The observation that spectra from oxygen pressure steps in oxidizing direction showed the real part of the impedance to increase at higher frequencies further supports our interpretation. Hence, all re-equilibration experiments below Po,, = 10 2 bar were interpreted in terms of exchange-controlled kinetics.
In the Po 2 range of 0.01 to 0.10 bar, mixed diffusion/exchange-controlled kinetics were observed. It was difficult to separate these two processes properly, which is mainly due to the strong oxygen pressure dependence of Kex. As this dependence is reflected in nonlinear behavior at high frequencies, the high-frequency behavior characterizing diffusion cannot be distinguished easily.
Chemical diffusion coefficients D and surface exchange coefficients Kex were determined from T and R, respectively. No systematic differences were observed between the values of transport coefficients determined from oxidation and reduction runs when the results were assigned to the final oxygen pressure in the specimen compartment. Table I , where the corresponding oxygen vacancy diffusion coefficients, Dv, are also given. Ishigaki et al. 2 ' obtained a value Dv = 1.95 x 10 5 cm 2 s ' from '80/160 isotopic exchange on single crystals La.6Sr,,FeO,3 at 1273 K, and a vacancy diffusion coefficient of 0.8 to 0.9 x 10-5 cm 2 s ' was calculated from oxygen fluxes through dense membranes at 1273 K. Extrapolation of the present results to 1273 K yields Dv = 1.7 to 2.0 x 10 5 cm 2 s' , which is reasonably close. There is also reasonable agreement with existing data in literature for La,,Sr ,FeO,3,. A vacancy diffusion coefficient of 4.6 x 10 6 cm 2 s' was reported for single-crystalline material at 1223 K, 21 and oxygen permeation measurements yielded 5.7 x 10 -6 cm 2 s ' for polycrys- talline dense membranes at 1273 K.' The activation energies of Dv calculated from Table I are 74 12 kJ/mol for LaogSr, FeO,_ and 80 25 kJ/mol for La,, 6 Sr 0 4,FeO,3, in agreement with isotopic exchange data. 2 
'
Surface exchange coefficients.-In Fig. 7 the surface exchange coefficient, Kex, of La 6,Sr, 4 FeO , is shown vs. oxygen partial pressure at several temperatures. Its value is proportional to p°,,, with n = 0.75 to 0.83. A similar dependency with n = 0.82 to 0.95 was observed in the results of relaxation experiments on La ,Sr ,FeO3_,. In Fig. 8 and 9 the surface exchange oefficients ko of both compositions, The exchange coefficients ko reported for x = 0.1 and x = 0.4 at 0.065 bar 0,2 in the aforementioned study by Ishigaki et al. 2 ' are systematically smaller than those from the present study but are of the same order of magnitude. It should be noted that single crystals were used in the study by Ishigaki et al. The real surface area of an ideal single crystal is equal to its geometric surface area, which is the quantity used in calculation of the exchange coefficients. The real surface area of polycrystalline ceramics on a microscopic scale can be substantially larger.
The absolute values reported here are fairly close to isotopic exchange data reported by Carter et al., 22 i.e., at 1073 K, k = 2 x 10 5 cm s-' for LaO6CaO.4Co8Fe. 2 03,, and ko = 5 x 10 -6 cm s ' for La,,Sr, 2 CoO3. A Po 2 dependency of ko can be observed in results from thermogravimetric transient measurements on polycrystalline Lao 07 Sr3Co3_,. 23 Reported values vary from ko = 8 x 10 -7 cm s ' at Po, = 10-3 ' 5 bar and T = 1093 K to ko = 3 x 10 5 cm s ' in air at 1393 K.
The Po 2 dependence of ko can be used to infer the nature of the species involved in the rate-determining step of the surface reaction. The fact that n -0.5 is a strong indication for the involvement of molecular oxygen. Selected Table . Chemical diffusion coefficients and oxygen vacancy diffusion coefficients in the oxygen partial pressure range 0.03 to 1 bar at various temperatures.
log Dv 0 both compositions can be described best by Eq. 26 or Eq. 27. In view of the small differences between the trends predicted by these two models, no conclusions can be drawn about the involvement of electronic species.
Mechanisms 2 and 3 both predict more or less linear relationships between the ratio k0/p02 and the oxygen vacancy parameter 6. This is illustrated by data of La0 6Sr0 4Fe02_5 in Fig. 12 . A linear-like correlation can be observed, which supports the current interpretation.
Similar trends were seen in the results of La0 9Sr0 1Fe02_3. Table II lists the best fits of k2 (Eq. 26) to the experimental data. Remarkably, the value of does not vary strongly with temperature for x = 0.1, whereas it does for x = 0.4.
The involvement of oxygen vacancies has already been proposed in the oxygen exchange process on La03Sr07CoO3_6. 26 Using isotopic exchange a p,, dependency with n = 0.41 0.02 was found for k0, which was interpreted by assuming the rate-determining step to involve an adsorbed oxygen atom ([Oadj -p2) and a surface oxygen vacancy ([Vfl -p'). found to be independent of the oxygen pressure, and for both investigated compositions the activation energy was about 80 kJ/mol. The oxygen vacancy diffusion coefficients calculated from these data are in good agreement with values known from literature.
At pressures below 0.01 bar 02, only exchange-controlled equilibration kinetics were seen. The absolute values of the apparent surface exchange coefficients were strongly dependent on the oxygen partial pressure. In conjunction with nonstoichiometry data from literature, the surface exchange coefficients, k0, were calculated. They agreed reasonably well with values known from literature. The Po2 dependencies of k0 were interpreted in terms of a rate-determining adsorption step involving at least an oxygen molecule and a vacant oxygen site at the surface. 
